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ABSTRACT 



CORRELATI<»l HSASUREMENTS £1 IMS 
BOUKDARY tAYER SS. A PU^TK 
by 

WILLIAM L. MARTIM, 111, LIEUTENANT, U. S. NAVY 
ARTHUR T. WHITE, LIEUTENANT COKNAt^DER, U. S. NAVY 

SuboittcH Co tbe Oaporcmeat of HucIcbt ^iginocring 
on July 21 , 1958 , in partial fulfilloMmC of tha require* 
nonta for the da^ee of Haatar of Science* 



The objective of thia thesis eea to aaaeaihle an inatruoentation 
aystea and make linited ■easur simn ta of correlation quantities in the 
boundary layer of a flat plate with an unheated atartinB length. 

A system consisting of soititible probes, amplifier, calibration and 
swasuring circuits, and voltmeter uos asseablcd and tested. A series 
of measurements of the characteristic quantities of turbulent fluid 
flow were made by a traverse through the boundary layer at one location 
on the plate. 

Although there is considerable scatter in the results, the system 
can be expected to give satisfactory results after the recoiaaended 
equipment modifications and test procedures are effaeted* 



Thesis Supervisor: R. J« Nickersen 

Title: Assistant Professor of Mechanical Engineering 
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I, IHTROPDCTIOH 



In thft theory of tarhul«tt fluid flow end tieat transfer, the correlated 
quantities wv and ^ have particular significance. The slnplifled equatlcms 
that describe the beundary layer over a heated flat plate nay be written as: 
(See Appendix B for derlratlon) 

M wen tun transfer: 

^ ? +p«^ +ptt^) » ^ -p Uf - pw ); (1) 

Energy transfer: 



^ (Uf + ut ) • - VT - wt). (2) 

Analytical solutiw of these «puitlons Is possible <mly under eery 
restrictive conditions. For such selutlons the following definitions of 
the eddy ehear etrees eoefficlmt, Em and the eddy energy transfer coefficient, 
fih «re Introduced: 



and 



uv 

vt 





(3) 

(4) 



Assuned analogies between these coefficlente together with eult<d>le boundary 
conditions has been an accepted suithod for solving problesw for e great nany 
jrears. Very little work has been done, however, to actually measure uv and 
vt and experimentally siAstaatlatc the theory. 

The literature contains little data other than that of Johnson in 
ref. 1. Be obtained measurements of these end other quantities In the 
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boundary layar ovtr a flat plata vith an unhaatad starting langth. His 
results are given for only one vertical exploration of the boundary layer, 
and they agree with the expected behavior of uv and vt as functions of 
distance from the heated plate « 

Zt has been proposed that a thorough lavestigation of the thermal 
boundary layer properties be undertaken at M.I.T. Tlierefore, it is of 
fundamental importance to desiga m inatrumentation systam of aufficiant 
sencitivity and accuracy to evaluate such properties. 

It ties the purpose of this thesis to asseahle such sn instrumentation 
syatem and make preliminary maaaurements over a heated flet plate. Tbeoretio 
celly a hot-wire aneaoneter system will provide sufficient data for calculating 
uv and vt. A basic system wee eseenfcled end tested. Certain components were 
available in the laboratory, and the remaining items were aclected from 
coanercially avelleblc Instruswnts. Appendix D comtaine a deecrlption of 
the equipment. 
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II. PROCEDURES 



The exp«rin«ttt; %»b conAictftd in tha Heat Maaturaneiit Laboratory using 
one of the «aall scale wind tunnels. The boundary layer wes developed 
over a 40’* aluninraa plate resting cm the bottom of tlie tunnel. The last 
t«elve*lach section of the plate was heated by a coll of resistance 
heating wire on the underside. Keaauresienta were msde along a vertical 
traverse through the boundary layer tea Inches fron the start of the 
heated section. 

The hot-wire snewoneter equlptaeot consisted of hot-wire probes, a 
flow Corporation HWi napllficr and bridge unit and a Ballantlne 320 true 
toot-aean-aquare volt-iseter. 

Two different hot-wire anemoiaster probes were used. Ctae was a aingle- 
wlre; the other a V-wire probe. Appendix D describes the equlpmmit in 
greater detail. 

Because the V-probe soon proved unacceptable, the single-wire probe 

was used thereafter. Orienting the wire first at plua 43^, then at ninua 
o 

4S to the free stream velocity gave the desired data. Since only the 
tine-averagsd quimtitles enter the calculations, data for each orientation 
did not need to be taken at the saine time. 

After thenoal aging for a half-hour, the wire was carefully calibrated 
by recording the wire current at each reaistance ratio for various wind 
velocities. A microsumosmter was used to obtain accurate velocities. 

A plot of I^ vs ViT appears in Fig. 8 for ^ ■ 1.2 and 1.4. These 
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curvec agree with the characteristic straight lines predicted by the King 
equation. 

Froa these curves it is possible to calculate I' from equation (36), 

where 



I' s 



41 

As equation (72) predicts, the quantities uv and vt are related by 
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( 6 ) 



vAtcre the subscripts a and b denote the quantities for the two wire orienta- 
tions. It is important that the wires of whatever probe is used be correctly 
angled to the flow, i.e.^ 45^ for this ease. 

The procedure for measuring and calculating these quantities follows: 

Ref. 12, the HWB Instruction Book, describes how to compute the square- 
wave current and how to set the desired resistance ratios. Briefly, the 
"Bridge Null" dial of the HNB is adjusted to balance the bridge for a 
"cold" current in the wire of about one and a half milllamps. 

At one of the available resistance ratios, the current is increased in 
the wire until the bridge is again balanced. The values of resistance ratio 
and "bridge hull" dial setting then enter the calculation of square-wave 
current as shown in Appendix E. 

The following sequence of readings was obtained at the maximum tunnel 
velocity of 26 ft/sec with the plate first unheated, then heated: 
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i^lth th« wire at plus 45°, valuta o£ ^^acn ^a recor^ad 

at rasiatanca ratios of 1.2 and 1.4. This was rapaated at pradatarvinad 
distancea, y, above the plata as awaeurad by tha aicro-travarsa gear, 
starting where tha probe ahatdc touched the plata. 

Values of Man» ^^sen aubaequantly recorded with the wire 

at minus 45° for tha same values of y. 

Tha purpose of tha hot and cold plate readings bacoaea clear when oma 
Assvmet t = 0 for the unhaited plate. Then equation (72) Is 
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However, with tha heated plate the full oquation applies. 

The remaining part of the coefficient of vt, 
may be calculated as shown In Appendix: E. 

Tiaklng aeasutenants at tv«> resistance ratios gives ttw simultaneous 



y -li4 ’ 



equations at each y. Solution of these equatlonv gives uv and vt for tha 
hot plate, and uv for the cold plate. With the plate cold uv Is over- 
deterained, so the average of the tvo equations was taken. 

A traverse of the boundary layer with the wire parpen dLcular to the 
mean flow gives a conparisoa of the wire current with that In the free 
stream. From the vc {v calibration data on the wire, the average 
velocity as a function of y can be picked off. 

Similarly, a measuresHint of wire currents at a position first with 
the plate heated, then unheated, allovis calculation of the terrperature rlae 
above asablent by the method of Append!}: £. 
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Itl. RESULTS 

2 

A* Figure 1 shows uv/Uqo es e function of vertical distance froa 
the plate for the heated and untteated conditions. Reasonable agreeaent 
with published data is deaonstrated. The value of this quantity is 
greatar in tha heated plate condition than for the cold plate, as wts 
noted in reference (1). 

Figure 2 is a graph of the temperature (Tg-Te) /(Ts-Te) end 
velocity (U/Uo>) profiles across the boundary layer* 

Figure 3 is a plot of uv/U^ and vt/T,’<o (Ts-Te) for the heated plete. 
The best data obtained is shown. TSie extreme scatter of the data precludes 
coaputlns and £h as functiose of y in order to estobllsh ext analogy 
between thws. 

B. Tha basic Instrumentation selected includes: (a) a hot wire probe 
with 0.00013" txuigsten wires; (b) a Flow Corporation, Hot Wire Anesiontster, 
model KV®; and (c) a nodifled Ballantine Laboratory, True RMS Voltmeter, 
model 320. This equipment will measure accurately the properties of e 
Buxsentum boundary layer. It is probable that the additional properties of 
a thermal boundary layer can also be detected with this instrumentation; 
however, this caimot be stated conclusively. Appropriate recooniendations 
are Included in section VI. The equipment is illustrated in figure 4. 
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(a). Equipment Arrangement 




(b). Probes 



Figure 4 - Experimental Equipment 
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IV. DISCUf^SIOR OF RESULTS 



A. The plot of uv/uio In Pig. I has about the saste order of magnitude, 
although sometdiat higher, as that shown by Johnson in ref. 1. The slope 
of this curve is aoich greater than Johnson's however. He did obtain two 
or three points close to the heated plate that are cuch higher than those 
for the cold plate. Further froia the plate Johnron's velocity correlation 
<{uantiCiea are almost ideatical for the heated and unheated conditions. 

On the other hatul, the quantities shown in Fig. 1 for the heated 
plate reuin generally higher tlion for the cold plate over the span 
measured. This diffaraace could easily be due to enpeximental error, 
however there Is a possible explanation. Thermal convection from the 
heated plate could be expected to dlarupt the laminar sublayer causing 
aome increase in the turbulence of the flow close to the plate. Fluid 
moving from the sublayer would have lower velocitlaa and therefore tend 
to correlate a(~u) tilth a<-v) to add to the quantity (-uv) for the cold 
plate. 

B. The plots of U/Dot. and (Tg-Te)/(Ts-Te) as a functitm of distance from 
the plate show the typical characteristics of these functions. The velocity 
profile Indicates thet measurements should be taken closer to tb^ plate to 
further delineate the shape of the curve. To do this a saich shorter hot* 
wire would be needed. 
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Sxcrapo luting the curve of Tg>Te in Pig. 10 to the plete geve sn 
estioated plete eurface temperature, ts, of 8^ C above si^ient. Such a 
low teoperature difference made temperature msasuroBuz&ts difficult. 

Another more accurate ootliod of measuring tooqperature mould be to 
record the bridge null at '’cold current” (about one and a half milllompa) 

«hlle traversing the boundary lajrar. for this a bridge galvanometer 
annlifier is required to enable more accurate bridge null settings than 
is possible with this model lO®. The later ncdelG do incorporate such 
sn smplifier. 

C. As stated in Che Results, Che scatter in the computed points vt/Uoo (Ts*Te) 
in fig. 3 did not werrsnt calculation of 'Sm end Eh by equations (3) and (4). 
This Is one of Che most in^ortant ulciroste goals of these measurements that 
viaa not realized in this thesis. No reliable curve of vt can be Inferred , 
and several attests to deduce better values of this quantity produced no 
batter results than those shown. A higher plate temperature would likely 
give larger, aore-easily-moaaured quantities. 

The data doea not show tiut predicted behavior of uv and vt going Co 
zero at tlie plate. At the closest approach, the center of the wire is 
still 0.068 laches from the plate, decrease in these quantities ssuic 

therefore be inside this distance. 

D. The equations (69) and (70) in Appendix B for two wires apply also for 
wires mounted on sm X-probe. Johnson used an X-probe with both wires hot 
for detecting velocity fluctuations and a single cold wire close by for 
temperature variations. The hot-wire theory predicts that it is unnecessary 
to use more than one hot-wire. Since equation (71) has five vmknowns, it is 
necessary only to make measuranents with one wire at five resistance ratios 
and solve the resulting equ^^oas sisultaneously. 



-I 



MV .4 *«»*>■ t*i *i.-, 

• #rvf^' • l» .« ,»n*‘Jr«>rr «♦ litili J f>4 

.)lr'«lf1tX^ *.>*<A^ab(taar '«74<abir#^M9 

•S Ml bti*^ ^1»l3»*» — ■« l« Si « *'7^ t«4>ltUiA 

« *>•! ta/i vtnr^ 'M-TJ. • 0 iM««0*WT 

!• *r«ft * i.(i!4m« r« iMfKi^VT •« 1 1 > «m 

A<LU. .# . r> > '« V ^ \m3lki *L ' .1 

• r l t ( w at 



<xVV»> MO im ««7< i -• 

.{4/ luM (t> &iMii •<-•. * ^ gf 44 M'<4bJ •~‘l » |«l ;-^ll C .g ^ rtm 

9mdJ » 3 i«M>- > »»n»» tM^lt 1 ^ gaM*V.» -•*- |r-*| ,,». M g^igf 

, Mb? 5tr ji# avt.r^ «u. t «i a4gli^,9 -b-M 

a« b«u4«o7f tlii'. 0- 1 i* «4 a#-4M3t« 

4 • . !•!» • —^1 Mil •. * Ui«#\ 

irif 

•I Cf>>oi ^ T4f BO f V vmavp ^ ^ ina ^mm <• ^ 

wit^ ic Mi i%*«- b/ 1' li* asi 

I ixi^l ii iVi * >4 •»i9 ^^>.91 ||a^ 

y 

a*4 v«44 MT&a* MU «*| cjtnai^i si vl^'} i'^‘> . 

>1^ feVIJP aSi"* sKc>';|“l *• **4»; , kV b^- 4 . Cm ••■ *v 

«c} ^4 Mii^to oYlv &1 m* sX^i« • bM *o»^ iMMSairl I 4Vi4 Mcf.w 

^«*bS3MaMt5 4^ fl s^lba^^ »nis4a ,M»iiMt9S4 •>i«fSasa^pMj 

u 4i fkiSMMMw svJl 9t0 iiX) mama .»«»••»«# «a» «tfi •'Mb ms* m 

S*i^-r «r-Ml«iStfV Mil 14 • vt«* ■••> ••:> » » M B M gisM I ■■> •M'T 

.glsHMCSllMMs b«»i^2^S gBlIlMM flM MtOS tl4B 



13 



If two wirM on an Xoprobe are controlled Independent I 7 by two KW]|*e 
with outputs measured on separate meters » equations (69) and (70) may be 
solved together at five resistance ratios to yield the boundary layer 
properties. The two Importmit correlated quantities are dominant in 
equation (72) * 

The practice in this expertoent of orienting the probe at -45® siaai** 
lated an X»probe and ellioixuited the problssa of matching the two wires to 
close tolerances. Experience with the 7-probe supports the conaoent made 
by Johnson (p. 34 of ref. 1) that it is unlikely I*» I, the time 
constant, length, diaiseter and other characteristics of two wires can ever 
be soatclied slsaultaneously. 

A few cemasonts on the V-probe ismy warn ethers of the pitfalls of its 
peculiarltiec . 

It was lirst di£covercd that the resistance of the cosmon current 
lead and center needle Is unavoidably in one am of the bridge circuit. 
Since the voltage across the center lead ia proportional to the sum of 
the two wire currents, the bridge null for one wire is affected by current 
in the other. 

The second problem Is serious, particularly in a thin boundary layer. 
The two wires are sufficiently separated to be In different stream condi- 
tions and do not correlate quantities at a point* 

The third problem has been discussed - that of matching any two wires. 

Finally, several times it was noted that vires on the 7-probe were 
aot taut and straight several hours after rewiring. This means that wires 
are not at the specified angle to the stream. 

E. One problem that detracts from the accuracy of tha results is ambient 
tff^>erature variations tdiila the meesureoents are being made in a traversa 
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through the boundfiry layer. Using the ninlnun nunbsr of tv» reslstsiics 
ratios St each y, It required four to six hours to take data at Sevan points 
Since the aieblcnt teisperature can change by several degraas during thla tlisa 
It Is desirable to have a constaet'tanperatura air Input to the tunnal. 

It was noticed that there was considerable velocity fluctuation In tha 
free stream on the axis of the tunnel. Thle wished the "edge'' of the 
momentum boundary layer. 

To reduce the above defccta of this tunnel It la desirable that the 
entrance be fitted with a pl^uua where the air can be heated a few degresta 
above tha and>lent at the sasw time the vcleelty fluctuations are being 
SBxjothed. 

Al<»tg with tunnel entrance aK>dlflcations other test facility laq>rove>- 
meats should be Incorporated. 

Although a costplete survey of the boundary layer ahould Includa 
measurements at various distances along the plate, it would be well for 
the uninitiated to practice in boundary layers at least two inches thick. 
This me^ois having an unheated starting length of at laaat 40 inches long 
and e heated section 30 Inches long. The tunnel should be three to four 
feet wide to approximate an infinitely vide plate* 

The heated plats should be well-lnaulated on the bottesa and equipped 
with heating colls and thensocouples for obtaining a constant (q/A) or 
constant twsperaCure plate as desired. 

F. Of all the probleais encountered in this experiment, that of sieastnring 
accurate (i.e. lees than SX) true root*‘«NMm-square voltages caused the most 
consternation. The heat available Information indicated thet the Ballantine 
Model 320 end Flow Cerporetion TIM were the only tws metere caemcreielly 
evallablc reputed to neeaure &HS voltages on a random signal. 
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VhcR the short tine consCAot of the 320 was lengthened, it 

becesie the most reliable instruvent* )Iowever, both meters exhibited the 
annoying characteristic of indicating different values of the same voltage 
on adjacent scales. The TBM hecaire unusable for this reason, and the Model 
320 gave and>igvouo readings only at times. Tlie limited "crest factor" of 
the Model 320 could permit peak clipping of the signal on the lower scale 
and thereby alter the <«vGform. However, such should not be the case for 
Che TSM with its much higher "peak factor." 

This problem was not resolved end is the tnoet likely cause of the 
wl4e scatter In the calculated results. Knowing that this problesi existed 
provided the bint to sisooth the data as a function of y before re-calculating 
uv and vt. Hven so the improvement wee not marked. 

It is interesting to note that the literature reviewed for this thesis 
stakes no mention of true HIIS measurements or citae-averaged readings in 
similar work. 

The Model 320 could be Inoroved by making a veil-designed permanent 
modification to obtain a long time constant, stcan square averaging circuit. 

If the meter time c««irtant caimot be suitably controlled, then a five to 
ten minute time recording of the output could be graphically integrated to 
establish the best value of each voltage. 

A siore elaborate scheme of calibrating the meter is needed. The most 
appropriate method would be to use a variable-frequency generator with a 
calibrated output adjustable from one millivolt to one volt. It could be 
used to resolve Che problem of peak clipping of the signals. 

G. One test of accurate data is its repeatability. Time permitted little 
experimenting along this line, but it was often noted that the bridge ctxild 
be rebalanced and curreata reset to a isaxiaum variation of one part in 150 
or 0.7%. 
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In th« presence of sisnol fluctuetlons the galvanoneter fluctuated aleo. 
This was particularly noticeable at hi^ resistance ratios. In setting 
average currents it hccama necessary to average the needle fluctuations by 
eye. Occasionally this led to variations of one part in 75 or 1.3%. Pro- 
vision of a selectable tioie constant on the galvanometer «7ould assist in 
setting more accurate currents and resistance ratios. 

At the tlsM: they uerc taken, ti«ter readings could be averaged uithin 
2Z in spite of the slow fluctuations. However, it was reurely possible to 
repeat the data at a point because and>ient conditions had changed. On the 
few occasions men it was possible to check results, meter rsadlngs were 
well within 57* barring anomlies alrciady discusaed. 
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V. COHCLUSIOHS 



Hot wlr« aa— nwgfr thaory pradtcta that both of the desired 
correlation ({uantltlea, uv and vt» can be obtained with a single, 

■etched, X->wire probe. Due to the cxtreasily small volune affected by 
the fluctuation quantities at any instant, velocity-temperature sensing 
eleamats in a single probe is preferable to separate probe sensing 
eleiDcnts . 

The inatruamntatien system, modified as recoomended in section VI, 
should yield data of sufficient accuracy for calculation of all the 
thermal^ bowtdary layer properties. The results presented do not affirm 
this statement without question, but they do indicate that further 
careful inveatigetion la warranted. Refinement of instnaoent sensitivity 
and experimental technique are the paramount requisites. 
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VI. RECOMKSlfDATKMS 



TIm followlns nodificatiOM* o£ instrunKitaticm and facilitias art 

raquirad for accurata taaaaarenanta of tba thamal boundary layar 

propartlaa: 

(1) Varwmant nodlficacloa of the aeter circuit of a Ballantiaa 320 
to obtain a long tiaa cooataat avaraglng par lad} 

(2) Accurata calibration of all tha raaga acalas on tha voltaeter by 
uaa of an accapted standard fraqoeaey awtar whieb has a calibrated 
voltage output; 

(3) Con* true t ion of an X-wira probe with tha wires oriented accurately 

o 

at 90 to each other Ksd their raaiatanca aatebad with 2X; 

<4) Construction of a longer heated aection for tha plate to increase 
the boundary layer thickness; 

(5) Construction of a larger scale wind tuimel with en inlet heated 
plenun chaadMsr to Insure a constant tassperature, constant velocity 
air atream in the tunnel ; 

(6) Procur assent of an additional HWB, nodified to include a mm and 
difference unit in lieu of the aaiplificr section. 

In addition} the data processing techniques should be refined 
as follows: 

(7) An averaging technique aaast be used over and above that which is 
provided in (1) above - e.g*» averaging of sequentially tiaeid ob- 
servations » er ^iq>hieal integratlcfn of t!ui recorded «utput of 
the voltiMBtcr; 

(8) All five resistance ratios permitted by the wire sine nest be used 
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for coaqputar «»aa would conaidori^ly apoad data analyaia. 
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APPEUDIX A 
MOHeMCLATORE 



A 



C 



C1.C2 

D 



B* 



« 



•c 

*cn 

•n 






•«e 



*»cn 

*m 



•w 

r 

F* 

F 



CxOtB-^MCtiOOMl «r««« 

Meat capacity of i«lra* 

Maat capacity of fl«i<i at egnatant praaaura. 
Caaacaata. 



Wir« diaaNtat. 

Wlca dianacer» units of 0.001 Inah. 

Voltaga (ssneral), 

Oatpuc voltaic froM tha ao^lifiar <I(M to s<^ra>«Nnra earraat 
aloiM laqpoaad on the vira. 

Output voltage froa tha aaplifiar due to squara-uave current 
plus eystan noise. 

Output voltage front tbs aMplifler due to systaat noise. 

Output voltage fro* the asaplifier due to velocity flnctuetiona 
en Che hot uire. 

Oatput voltaga froa cha aotplifiar dua ta valacity fluctoationa 
plus square -wave current. 

Sana as Sn^ plus systan noisa. 

Sana as Og plus syaten noisa. 

Hsfwlre voltags l»a£ors ae^lificatien. 

Function expressing cooling effect on hot wire by velocity and 
pressure of strean. 

Defined as || I , the derivativs of F vlth raapact to velocity at 
constant F. p'P 

Tins -average value of F. 
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f Ia»t«QC«MOtf« deviation v«lut of F fron F. 

H Roto of host loss frcB tho hot wire per unit length, 

h Fluid CRithalpy per unit mss* 

1 Uot'wiro OC cvnrrsnt. 

1 Tlm-arcrage of X. 

X* Defined M derivative of hot>%rlre current with respect 

" p'p 

to velocity at constant pressure, 
i instantaneous deviation valtto of X froei 1. 

i^ Instantameus deviation value of hot -wire current due to inposed 

squere*«eve* 

Bot-vire DC current of wires a and b. 

/4Mplifier nultiplier coefficient of V 

An^lifier nultiplier coefficient of tine derivative of e^. 

Kj^ Meter constent. 

ic Coefficient ef therml conductivity* 

L Length of hotowire. 

H Meter reading of true RMS voltage. 

Meter readings corresponding to voltages, 
e, with sane auhscriptt. 

N|^ Fraudtl nuuher, equals Cpj*-/k* 

Reynolds nuefMtr, equals . 

P Fretaura of fluid in the boundary layer. 

P Zim-average of F. 

p Inatmtaneeua deviation value of P frois P. 

P* Pressure of fluid, units of etnosphsrea. 

q Rate ef heet transfer per unit tim. 

R Hot«wire resistance. 

R Zim>average of R. 
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r InctantaiMOus 4«viation vaXiM of bot'^wlr* r*sl«tanc« froai K. 

Rq Rasistaac* of wlra la acfulltbrlaa aith aabiaat fluid taaiparatttra» 

XijM-averaga valua of R^. 

Xaatancaoaoua darviaelon value of R^ froa R^« 

R^ Raaietanca of wire la o^lllbrlun with fluid tarar aaturo, X^. 

Rg TliM-averagc value of R^« 

r. iBftancaatous dovlatiou value of R_ from R«. 

S gw 

Rcalatanco of wire at refareoce toatperature» X^. 

X Xemperature. 

X Xlaie>averas« of X. 

t iRstantaxieous deviation value of X from X. 

X^ Aabicnt tanperature of tha atraaai aateriits the tunnel. 

X„ Xae^aratore of fluid at a point in the boundary layer. 

Xg Tloe-average value of Xg. 

Xq An arbitrary raferanca tamparaturo for eoo^uting realstanca of 
wire material, Uendbook value. 

Xg Surface tee^>erature of the heated plate. 

X^ Mot«fd.re teae^erature. 

X Temperature of the fluid in the free etrean. 

U Velocity of the fluid in the x«direetloct. 

U Xiwavarage value of U. 

a Znstantaneoua deviation value of U fron U. 

U Velocity e£ the fluid In the free atraaei. 

V Velocity of tha fluid in the ydiractlon. 

V Xiaeoavere^ of V. 

V Inatantanaeua deviation value of V from V. 
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V^,fb Velocity of fluid perpendicular to wires A end 1. 

V^ Velocity of fluid at angle fron perpendicular to wire. 

Vp General velocity perpendicular to wire* 

Vp Goneral deviation value cfVp fren its tlne*>average. 

V* Velocity of fluid in units of 100 ft/sec. 

V Velocity of fluid in £»direction. 

V Xime-average value of W. 

Retc at which work la done on a particle of fluid ckie to exteraal 
fields. 

W| Rate at which work la dene against viscous stresses. 

x„ V. £ Rody fereta in the x*. y«, and x«>directlons . 

X. y, a Distances in the dlrectian of naan flow, perpendicular to the 

plate and transversa to the plate. 

Xei^eraturc coefficii^t of resistivity at T^. 

c<g lenperature coefficient of resistivity at 

Tewperaturc coafficient of reeiatlvity at T^. 

c< Thcxwal dlffusivity, e<tual8 k/ f> c^, 

^ Retistanca ratio, resistance of hot wire to resistance of cold wire. 

Coefficteat of eddy heat (or energy) transfer. 

Coefficient of eddy fscmientuai transfer. 

S Angle between perpendicular to wire and «ean velocity vector. 

Vlscoaity. 

V Rineisetic viecoeity. 

^ Density. 
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Appwidlx B 

BOUNDARY LAYER BQUATIOKS 

Th* general efuatlonc for eiaeoua, conetaat'property fluid flew are 
quoted below. The Kavier-Stokes equations of nowentuei and continuity in 
rectangular coordinates are: 

Momentua: 





v*u +i.|_ (v-v")! 








(8) 


ps^-|£.^pz.^: 


[rWf li(r.v')] 




Continuity: 


(9) 


The energy equation is: 

^/i§L)+i^k 2LUi- 

Sx \ dx / \ 5y / de 




(10) 



where is the rate at which mtk is done on a particle of fluid by an 
external field end is the rate at ^ich work is done against viscous 
stresses. Also, D/DT represents the substantial derivative defined as 

S ^ 4 > ^ ^ ^ - 
DX SX Sx dy ^ "ST 

The Ravier*Stokes equations are siBq>liflcd by assusUng two-dinension- 
al, steady, incoopressible flow in the absence of body forces for an ideal 
fluid of constant viscosity and themal conductivity. Prandtl's order>of- 
augnitnds treatnent further reduces then until the result is: 

( 11 ) 
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and 

3U + ^ ^ o C12) 

for application to tha bowidary layer of a flat plate. 

Slaillarly* tba energy equation can be written In a eiaq>ler form aa 

, J<_- i!L +-^ UuS 

3x dy 'r^ vSx / 

The laat ttxm, ( dU\ , la ueually considered negligible. 

vax / 

Thus the three equations of isq>ortance are: 

Homentuai: 

U SD - i. -iP +^^!y. 

dx P 

Continuity: 

= O (15) 

dx 

Energy: 

Uar. + V 3L =<£ (16) 

3x 3y dy* 



with boundary conditions 



(s) 


ai 


J.o : 


T,Ts 


or 


— 

UA 


at}^ =»■ CD 


(b) 


ah 


J =. OO : 


T=Tc^ 









tbiltlplying the continuity equation by U, adding the result to the 
■oaentuB equation; and {aultlplylng the continuity equation by T, adding 
the result to the energy equation, then sisq>llfylng both gives 



|_ (T+pU‘) -pUvj 


(18) 


i (UT) = ^ _ vr) 

3x Oy \ dy / 
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In turbnleat flow R«7aol4« atsuncd that all qaantltiaa ara nada up 
ef an avaraca valua plua a auparpoaad fluctuation ean|>onant auch that 

U = U + u 
V =. V + V 

T = T + t (20) 

P ^ P + p 

Substituting thaaa In equation (18) and (19), sajltlplying out and taking 
tlae averages: 




In general w and ^ tsay be expected to have values other than aero 
as argued below: The U velocity profile In a boundary layer over a flat 

plate la as shown la the sketch. Fig. 5« Choslng a point at x,y: If a 
'packet* of air goes by the point in a -4- V directly, air fron closer to 
the plate will be forced into the 'hole* left by the packet. On the aver- 
age, the entering elr will have e U-veloclty less than that idxlch Is aver- 
ege for the point x,y. This corresponds to a <-u) as observed at that 
point. 



Convexscly, novosient of a packet In the ( - v) direction gives rise 
to e ( + u) velocity. 

Consequently, tdierc there Is e gradient of If, a ('fv) produces e 
( - u) mn6 a ( - v) pro^ccs a ( ^ u) , therefore the product la negative on 



the average, u and v ere said to be 'cross-correlated* such that 

+r . 
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(23) 
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1 . 

Close to the plate die fluid becomes laminar la the sub-layer, so u 
and V tend to zero. At the edge of the boundary layer idtere the gradient 
of U disappears, u and ▼ tend to cross-correlate in a random fashion so 
the everage Is zero. 

In suneiary, the expected behavior of uv as a function of y should ap- 
pear as shown in Fig. 6. Parallel reasoning leads one to expect a positive 
correlation of vt where there is a gradient of T such that 

=r 1 - f (yi.) 

T-.-CO az I (24) 

These results are sketched in Fig. 7. 

There Is also a gradl^t of temperature in the x-dlrectlon producing 
e tTt correlation, but usually the gradient of T in the x-dlrectlon is 
much smaller than in the y-dlrectlcxi, fluctuations in T are stoallcr, so 
^ is expected to be an order of magnitude sausller than Johnson in 

reference (1) does show results, however, that indicate ut to b^ about 

__ _ ^ ^ 
twice the magnitude of vt. In this thesis ut cnacels out of the fonsulas 

f 

used to calculate Its order of magnitude compared to ^ is therefore 

not determined. ^ r 

It must be remeedaered that near the 'edge* of the thermal boundary 
layer ut mad vt eeuld became comparable; however the methods of ateasure- 
sMRit are unlikely to detect these quantities with much certainty near the 
free stream. 

The concepts of eddy shear stress coefficient and eddy energy coef- 
ficient are defined by: 

^ - £*n M 

( 3 ) 

and 
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( 4 ) 



where jmd are probably different functions of y. 

viien these definitions are substituted in equetione (1) and (2), the 
result is 



5 CT +P L)*-»-pU.^} - C/X. -<-P ^>n) — UV 



( 25 ) 



^(UT ^ixt) ^2- - VT 

dx 



( 26 ) 



Selutions to these equations have been obtained for various sii^>le 
geosictrles and asstBsed eatpirical distributions of pressure, velocity and 
tege;>erature. In «ost cases the ratio of to asstased to be con- 

stant or sooM arbitrary fuactiaB of y. Very few fseasuraaenta of 
and are available. 
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Appendix C* 



HOrr WIRE AlflMGIfETER THEORY 



A. StMdy Flow. 

Hot-wire theory h«e been well developed for verioo* Ideel eaeee. Most 
of the theory le heeed on Klne'e equation which appear* in varioue fona* 
•uch ae 

-y-B 5 . = <=3 + »t. ' «« 

k(T„ - Te) ’ 

or alternatively 

H = (T* - I.) [Cjk + ] (28) 

For a E**,^ i* proportional te F/Ygf and for air \t ie approxiflu&tely 

Independent of preeeure and Cen^eratiir* auch that 





H = (T^ - T,) F(PYp) 


(25) 


where 


?(PYp) = [ 0.58 -h 6.d/p*?V'J 


(30) 



The Flow Corporation, C«abrldge, Massachusetts supplies hot-wire an- 
enoMter equlpaant «^lch nakes use of several interesting techniques. 
First, the equipsient is of the ’constant current’ type. Second, all 
Bwasurements are suidc with the hot wire at a selected resistance ratio 
shove the cold wire resistance. Third, neasureawnts of unknown slgnale 
fron the wire ere aede reletive to a known equare-wsve signal applied to 
the wire frost an Intsmal circuit. 

A sueswry of the principles of wire theory will give adequate under- 
* Thle appendix is bases priaasrily of references (3) and (12). 
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•tavirfiKS of wlro ep«r«tioa. 

For a hypotbatical fluctuating flow, tha powar input to tha «rlra bal* 
ancaa tha powar carriad aaay by tha straaai. 



= a L = (T„ - T.) L F(FV„) 



(31) 



Also, aaglacting aacond ordar tam. 



R = + «Co(T« - V] 



(32) 



Hhara arbitrary corraaponding quantitias. Thaaa cm 

ba choaan aa <£g and at tha 'cold* tcaperatura of tha wira aaauaad 
to ba in equilibriuai with tha atraao aabiaat taaiparatura. Tharafera 

R = R,[l + «fe(T^ - V] (33) 

SaWing (33) far (t^ • T^) and making use of R/Ra> aquation 

(31) bacooas 



. L F(r/p) 

a - -- 

^ c£«»a 



(34) 



In ataady atata, tharafora, a masauramant of I will give tha PVp 
product ainea all athar qa4Bntitlaa ara fixad. In practica fox a partic* 
ular wire at low valocitiaa^a calibration of I va ia mada aasuaing F 
ia nearly conatant. Becaaaa it uaually raaulta in a atraiji^t line, tha 
calibration ia usually plotted aa va givisg^raph that may ba 



rapraaantad by an -equation of tha form 



l2 = Cl 



<=2f\ 



'1 <6 r p 

The darivativa with raspact to velocity ia 

dl _ C2 



dv« 



In Flow Corporation lltaratura^tha quantity dl/dV ia dmofd by 1*. 



(3S) 



( 36 ) 
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B. TtirBulMt Flow. 

Utian th« strciia is tur^lant. no steady state exists end the opera- 
tieo e£ the wire aust be analysed frosi a tisw di^endeat approach. The 
wire stares heat. Since it camot chmtge heat storage Instancaneoualy, 
a power less balance £er the wire is 



t <r- 1) 

cAL -rr-r— = — - 



Proa e^ieatien (33) 
^^w 

R = B 






p(nfp) 



<£t *e 



aiT 



Take 

and 

where alee 



-f r 



PiWj,) = F(P?p + 



F(PVp + PVp) = P(PPp) -f- 



d V 



P 



P(PPp) + p Vp 



(37) 

(3B) 

(39) 

(40) 

(41) 



Substituting these la e^atiSa^(37) , expsadiag and subtree ting the 



steady state etpsatien (31) leaves 
^ r 



e A L 






= »e — L (R - R^) F* Vp — 1 r r 



Since the voltage across the wire is 
e^ ^ 1 r 

e^foacion (41) heeoeas 
d ov 



C A lia 






= [«fe*e^^ - Lf] e^ - L (I - B^) I r’ Vj 



Solving ler v^: 






^ F -efe^, r 
L (»-»«) I F' 



c A L 



d e. 



e + 

w 



L <R - R,) 1 r' df 



(42) 



(43) 



(44) 



(45) 



Thus, the flnctaatlas velocity eeapexamt. v^. is e fwnctic* of the 
voltage and the tisM derivative of the voltage induced in the wire by the 
velocity. The Flow Corperation RWS perforas this operatise such that the 
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output voltage it 



d e. 



•, = Jn e 



I *w 



(46) 



dt 



J 2 it a cootta&t but is adjustable so that 



= JjC 



c A L 



•) 



(47) 



Solving (45) for c,, or d e^ dr end substituting in (46) 



■ Jj L (E - Rg) I F* ' 




“ J 2 I ^ - Rg) F’ 


1 - -J 


^P ‘ 


c A J 






if equation (47) is true. The adjustoent of the ratio of J]: / is made 
by observing the amplifier output on an oscilloscope when a square-wave 
current is fed to the wire. The process of 'coeq^ensetiag the empllfier is 
detailed in Appendix 2>. At the point of proper compensation with the wire 
in still air, the wire response to the s^are-wave current is 



2 J, R R 



e 



•c= 



tf - 



- 



2 J 2 R oC e 
c A L 



(49) 



tdiere I a X 4> ig 

The ratio of e^ to le 
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V , or v^ = 
P P 



(50) 



(51) 

(52) 

(53) 
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It attst b« r««lls«d Uutt in ch« dtrlvatlon «f nil flue* 

tuntlng conpenentc nr« mmII eca^>«r «4 with th« aver«g« wnlucs. Thl« al* 
low* neglecting second -order products of the fluctuating eenpensats as 
hclng iaswaattrably ssMill. Bven when thla la net strictly true, the 
sMthod ef naraallsing represented hy equatlen ( 51 ) eenpeasatea for som 
derlatlen. 



C. Turbuloot Flow with Tisspereture Fluctuations. 

A fluid in turhulent flow past a heated surface will hecesM heated 
In torn flttcimatlns Mfwer. The effect of varying fluid tecq>crature nay 
be regarded aa a change la the *cold* realatancc of the wtre, such 
that 

*g ~ ^8 + ^g 

- % £ i + «te ^'*‘g •“ 

Confining these with the power baleaen equations la the presence ef 
velocity fluctuations ^plws the relations 

«w = 



( 54 ) 

( 55 ) 



C A 1. 



d e. 



3 : *^l( " 



-2 - 

K* cCe 

) K 



-) 



2 r h dCa 






firfj = 



L F — R 



2 i <^e ^ 



r . ». » 

h (R — Rg) 



and 



— R* 



2 1 . 



2 I* v„ 



R - * 



r = 



give* 



0 



( 56 ) 
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Noting that 



I. = T. + ' 



R. = «, » + 



[ » + «£,Wg-vl 



and 



leads to 



i = 



cfe \ 



2 i. 



+ 2 I* v„ 



«£e 



-V] 



(57) 
(551 

(58) 

t = 0 (59) 



eg end e^ have been taken as the outputs from an Ideal aapllfier. 

An actual astplifier vill have an output of(eg 4- c^) and 4 e^^ Uhen 
this output is fed to a true kMSvolt»etcrg the latter will have a reading 
of 



M 



sn 



= Kl t 



or 



Men = 




+C 



2T 



^®s ^ ^ 



-t 



'tr 



<«c «n) 



(60) 



(61) 



2r j-r ^ 

But the titae average of the voltage is (eg 4. e^)^ = ^s + ^ 

since the tlate average of SgC^ = 0. That is, there is no correlation 
bet«e«n noise and simal. 

Therefore , 



aoid 



**sn 

Mn 



= 



+ 4 



K, 






It folloiTB that iKn- 

the BKS value of e^. For the squarc-uave 



'^4cn **sn * ^1 y ®c ~ *^l ®c* 



(62) 

(63) 

(64) 

(65) 



Squaring equation (59) and making use of the sieter relations gives 
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<2 I,)' 



Mgn • 
?*»cn " 



2-T 

= (2 I') - 



4 c£. I I’ 1 

V t 






,r - [i +i.(T, - 1.) 

^7 

1 + «C,(i - i,)( j 



( 66 ) 



A s«t of sliBultaneous equations can be obtained by measuring all 
quantities at several resistance ratios. For more than three resistance 
ratios the unknowns are overdetermined and the method of averages or 
least squares can be used to evaluate the imknoime. 



D. Resolution of Velocity Components. 

The foregoing analysis assumed that the velocity ms perpendicular 
to the axis of the wire. Within 70^ or more from the perpendicular » the 
cooling effect on the wire varies as the cosine of the angle, that is 
~ ^p 0*4 wire at 45^ to the average stream direction has an 
average effective velocity 1 /VT* times the streem velocity. This ap- 
plies equally to the steady value and the fluctuating value of the veloc- 
ity. 

Consider only the fluctuating components in the turbulent stream y 
because the asqilifier filters out all IX wire response cosqxments. For 
two wires at ^ 45^ to the streem. 



u + V 




U - V 

Vb = — — (68) 

yr 

Setting s Vp, then Vj^ - equation (66) becomes 
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Subtr«etlag (69) fro* (70): 
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Fortuoatcly, Ch« tw» Mst IsportMit quantities of intoraat In the 
boundary layer analysis are the doadnant terns In this equation. It re- 
duces to 
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vt 



( 72 ) 



for two Ideally natched wires or a sinslc wire turned successively to the 
two erieotatioRS of ^ 45^ to the stream. 
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API'ENDIA D 

KXf£illM£MZAL KQUli-MEIIT AHU FAClLlXiliS 



(a) mM Isssak 

Thft «xp«TiMnt* wer« conducted in • tuonal whos« t*»t «r<« has a 
oas foot squara cross scctlcm* Atmospheric air was drawn through the 
tuaasl by sn exhaust ian powered hy a one quarter horsepower AC motor. 

The flow rate through the test section wss controlled hy a damp er in the 
exhaust line. The aiaximum velocity attaioed was approximately twenty*six 
feet per second. The velocities were measured by a pilot tube probe 
located on the axis of Che tucmel three feet upstream from the test 
section. A raicromanocieter wee connected Co this probe. 

The boundary layer was developed over a flat plate which consisted 
of s twenty>nlne inch unheated starting length and a twelve inch heated 
section. The hosting element provided apprexlnetely constsat heat treoafer 
per unit area. The blunt leading edge of the unheated plate tripped the 
mosMntum boundary layer. As shown in Appendix £, the thickness of Che 
moswntum Md thermal boundary layers at the teat ctation were csClmeted 
to be 1.32'* and 0.48” respectively. 

(t>) |a«e g|ts 

An instruKiHKie that neaauree the true root>mea»*squere voltage of a 
random input eigoal waa required. There ere two coneercihl meters avail- 
able which perform this function. They are the Kalian cine Laboratories, 
Inc., model 320 end Flow Corperetlon, taodhl TIK. The principal difference 
between them is the memer in idiich the input aiiptel is averaged. The 
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nodal 320 uses an anpllfler and a squaring clreult of tha sagnawitad typa. 
Tha nodal TIM anploys a unique design themal elaawnt. The principal 
charactarlstlcs of these iastruaants are: 



Charactarlsttc Modal 320 

nater range (ms volts) 0.0001-320 0.0001-250 

frequency response (cycles per second) 15-150»000 2-250.000 

linearity over frequency range - 31 - 21 

tiae cons tent, including aster aove- 2.25 IS 

•ants (see<mds) 

peak factor i ratio of period to 10 

pulse width 

crest factor z ratio of peak to ras 5 — 

asq)lltudc 



Due to the presenco of many low frequency ca^>ooents in the turbulence 
velocities being swasurad. a relatively long averaging period ie required 
for accurate results. The problems encountered with these sMtere are pre- 
sented In Section IV. 

(c) Probes 

toth s single wire and a V-vlre pr<^ were used In this series of 
experiments. Esch had tungsten wires of 0.00015'* diaiactcr with sensitive 
lengths of 0.040”. These probes arc shown In figure 4. 

The single wire probe was used to simulete an 2-wlre probe as noted 
In the discussion of results. The beet results were obtained in thla 
manner. The V-wlre probe had e 90** included angle, and the sensitive 
segstents of the wires were located ee close as possible to the apex. The 
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r«8l»t«nec of th« wlr«« matched to than two parcant* THa problaaia 
pravloualy dlacusacd aeveraly llnitad tha uaa of thla proba. 

Tha probas were eounted on a travarslag machanlaa with a «lcro«atar 
adjuatnant to accurately aeaaura the diatanca fron the heated plate* A 
calibrated Index ««a uaad to change the an^palar orientation of tha proba. 

A carefully conatructed X>wlra proba correctly oriented to tha free 
atraas velocity vector voal4 aatlafy tha asaxnqptlona auide in the derivation 
of aquation (72). tt would aliminata the principal problaaw encountered 
with tha Vowira probe - i.a*, space resolution and acedia raaiatanca. Such 
a probe was not conatructed for this thaaia due to fund llaitatlona. 

(d) ApaaioiwBtar Circuita 

There are three principal circuits required to transform the wire 
ai^al inte the data required by equation C72jl These are the resistance 
bridge, square*wave circolt, Md aMpllfler. Ttiey are conveniently pack- 
aged in the Flow Corporatiem UWB unit* Ho other c<Ksssrcially available 
aaasMsawter equipment oeeta the requireawnts for measuring fluctuation 
qu«ititiee. 

The bridge circuit provides a method for accurately swasuring the 
wire reeistence. This is the fundamental quantity which is sensitive to 
velocity and temperature fluctuations. The resistance of the wire at «iy 
operating condition ie calculated from laeasuresents of current (1), voltage 
(C|,) end reeistence ratio ( ^ ) . 

The eaq>lifier acctlcm boosts the AC components of the voltage across 
the hot wire to e readable level. It also takes the time derivative of 
the wire voltage end adds it to a fraction of the wire voltage. This 
fraction ia aalactad by adjusting the compensation dial to obtain mtntmiaB 
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•IgMl dittortloR. To properly set th« coapcn«atloii» • square wave ia 
iapraaaed across the bridfa circuit and ttaa aaq>llfiad wire signal ia 
displayed on an oseilloseepe. Correct coapensatlon is obtained xdien the 
square wave appears linear with a sharp peak at the leading edge. This 
vertical peak superiaq>o8Cd on a square wave represents the addition of 
the derivative to the input signal. 

Any randoBi input signal to the aiaplifier nay be represented as a 
Fourier series. The output voltage ia therefore a function of frequency. 
For accurate sMesurMumts all of the frequency conponents should be passed 
by the a^ilifler. The HVg hae a quoted bandwidth of 2 epa to 100,000 cps. 
A further error w»uld be Introduced by overdriving t)M auplifier. To 
prevent this, the attenuator dial waa eat at *14' tdilch corresponds to 
1/16 ef the Mxiasui gain. 

The square wave circuit provides a rafarance voltage to the wire for 
two purposes. First, the square wave ia anployad to eat the aiq>llfiar 
cosg>ansatlo(i. la addition, it ia used to calibrate or norsiallse the wire 
voltage that raaulta frosi straaai fluctuations. 

One other piece of aneansuiter cqulpsieat, the HWl, wes uced to a 
lULitad extant. It eontaina a wire current control circuit and e subs<> 
and-differeace circuit. It ia used in conjunction with the HVB unit and 
a dual«virc probe. The aua^and'dlffarence ef the instantaneous algnala 
fron two wires ia required to calculate fluctuating velocity coiq>ooents. 

(a) Oscilloacooe 

The output algnel of the anewoneter aopliflar waa displayed on mi 
oscilloscope. A Dmont, t 3 rpe 322, dual channel instrunent waa available 
in the laboratory. The dual beast presentation trill be found particularly 
useful with an X«wire probe. 
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APPENDIX F. 



DATA CALCULATIONS 



X. Wire Calibrattoo 

t«for* each wlra vas calibrated, it uas "aged" at a heating currant 
alightly above the naxiaun operating range. Its velocity response was 
detcnalncd by calibration in the free atreaei of the tunnol. The wire was 
oriented perpendicular to the flow and neasureswnta were auide of wire 
coTT«mt for various resistance ratios. The air velocity was controlled 
by a damper in the tunnel exhaust line. 

A pitet tube with e mlcroauusoeieter was used to dctenalne the air 
velocity. A light oil of 0.827 specific gravity filled the raanooteter 
tube. All calculations Included corrections for atsusaphorlc prasaura 
and tetaperature In the tunnel; liowevnr, since the tcoperature variations 
were somll, no correctina was made for the density changes of the oil. 

The following equations were employed to calculate valoclties in the 
tunnels 
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Typical calculaci«ti« for two reflistaaca ratios with data takan on 
7/3/5® follows: 



PA s 762.15 MB Hs ; • 27.5® C 
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This data Is plotted In figure 8. The curves follow the general shape 
predicted by the King equation for hot wires: 

1^ » Cj^ ^ C2 ftT 



2« Ceterwinatton o| I* = 9l/9u 

The slope of the curve of wire currant versus incident velocity (!') 

Is one of the quantities required for the solution of eq\iati<»t 72. Differ* 
entlating the King equation, va obtain 
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C 2 i« the slope of the colibrutlon curves obtslDe^ In part 1* above. 
For tiw free otreaa velocity chosen for a particular experimental run, the 
value of ( \Tu) is co^utod and the corresponding current (1) is read from 
the calibration curve, '.^th these values, the required slope (X*) la cal> 
culated. Results are shovn for a tuiuiol velocity of twenty-six fent/aecond. 
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3. Amplifier Coawpcnsatlon 

Ae discussed In appendix C, a square wave is es^loyed as a refarence 
voltage to detemine the anemometer’s response to s fluctuating voltage 
across the wire. The HVB aarplifier cosipensctloe is eet by observing on an 
oscilloscope ttie wavefora %dilch results when s scpiare ««ve is hnq>ressed on 
the wire circuit. An undistorted uaveform indicates the proper calibration. 

To determine the effect of compensation sotting on the voltsmter output, 
measurements were made in the free stream with tha hot wire oriented verti- 
cally. The values of Mmj and were recorded as the cMq»ensati<m was 
varied. 
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Thi» <iat« l« plotted in figure 9. The response is approxiEjatciy linear 
with no aharp null or peak; hence, proper calibration it difficult* It la 
estimated that the error introduced in tlte quantity when setting 

the compensation is of the order of when the dial is varied by one 

dial unit. 
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Helarence 12 gives the following fomula for costputing tha square 



current of the tkWx 
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where (RN) is the bridge null setting. It Is important to maintain the 
battery svipplylng this current near Its rated voltage. 
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5. Tci>t)»r*ture Profile 

The pertinent fomule for calculeting the difference < A T) between 
the tetsperature <Tg) at a point in the thermal boundary layer and the 
atrean airi>lent tcaiparaturG ia derived as follows: 
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wiierc (X]^) la the wire current for a cold plate and < 12 ) is that 
current for the heated plate. 

Taking R s Rg [l + ^ g(l - tg^ and rearranging, T » Xg t ( ^ ) 

eubatltuting, ( JLL\ = • 
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Rearranging, (Tg - T,.) - 
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and subatlt«itlng, it can ba shoan that 



(T^ - T«) = ^ i 7) <’3) 

L<ar-i> Li-(ii/727|' j 

For an anbiant taaq>eratura of 24. C, tha coafficianc ( la 
eotaputed ea follows: 

c< . — j yj ^ • 0.00444 

o I >o<<,(Xe“‘X'o> I + 0.00454(24.8® - 20®J 

Since the wire ia nora sensitive to ten»t>eratwre variations at low 
curreata, tha data for tha tasperatura profile was taken at a realstanca 
ratio of 1.1. That data and the values computed with equation 73 are 
shown in the table below sad plotted in figure 10. 
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The aonaali^ed temperature profile Is plotted in figure 2 of Sectlan III 
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6. Velocity Profile 

Tho veloeity profile across the momentum boundary layer Is obtained 
with the plate cold and the wire oriented vertically. Tlte valeea of current 
recorded are then used as arguments to enter figure 8 and deteraUne the 
velocity. '£he data and results are shown below together with a plot of the 
profile in figure ll. The noraallzed plot appears in the K£5UbT8. 
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^ • Bcundary i.aycr 'thickness 

The foXlo«d.ng aquetlor. taay be used to predict the momentum boundary 
layer thickness, 

% « * 0.37a J 

Considering a point twenty-nine inches frore the leading edge of the plate 
and a free stream velocity of tweoty-slx feet per second, the tlilckneas 
will be. 
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Distance From Plate (y) In Inches 



53 



oo 

r 



• <26 £t/»Jee)<3600 «ec/hr) * 9.36 x 10* ft/hr. 

(t*’^ V 273.2®) (298.0) 0.0/4/ ibs/tc 

s JL = }-^iUi. % ±K . 6.10 

P 0.0747 ).b«/ft3 hr 



=29 inclics ■ £.42 ft. 



then » 



(0.37X29 Inches) 

L <6.16 £t^/hr) J 



-1/5 



' , ,, » imjji 

* (3.63 X 



(8.13) 



■ 1.32 inches 



XhiB thermal boundary layer thictcneaa may be calculated in a siniler 
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8. jnr Correlation in ”Cold” Mcxaentum Boundary leaver 



In the cold plate condition, eqoaticm 7 nay be used to calculate the 



quantity uv. 
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Data wee taken at two resistance ratios and averaged. The values of (1*) 
were taken froia section (b) of this appendix, while 1^ was calculated for 
a bridge null setting of 483 by the method of section 4. The resiaining 
data is shown in tabular form together with the results obtained, which 
are plotted in the RESULTS. 
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9. «▼ «od vt Correlations In Thcnnal Boundary Layer 

On the hot plate condition, equation 72 may be used to calculate 



the quantities uv and vt* Rearranged, 
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Data was taken at two resistance ratios as for the previous calculations. 
Great difficulty was experienced in obtaining reasonable results because of 
the scattering of the data, to reduce the random errors present the data 
was plotted in figure 12 through 14, and faired Into smooth curves. The 
remainder of the calculations were carried out with the smoothed data. The 
raw data, the faired data and the final results are tabulated below. Normal* 
Ized curves of the results appear in figures 1 and 3. 
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Raw Data, con. 
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Faired Data, con . 
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